An order-disorder behavior of Li and Ni in LiNi 0.5 Mn 0.5 O 2 was investigated by means of the ion-exchange preparation and the high-temperature X-ray diffraction measurement using synchrotron radiation. Rietveld refinements at room temperature showed that the occupancy of Ni at the Li site prepared by ion-exchange is less than those by co-precipitation and it increases with an increase in temperature and time for the ion-exchange reaction. In addition, it was found that by high-temperature XRD measurements an order-disorder transition occurs at around 700 K for the sample prepared by the ion-exchange. Further, we have confirmed that an optimum ion distribution in LiNi 0.5 Mn 0.5 O 2 exists to show superior electrochemical performance as a positive electrode for Li-ion batteries. These results demonstrate a close relation between crystal structure and electrochemical properties for LiNi 0.5 Mn 0.5 O 2 which is a member of Li 2 MnO 3 -based materials. It is the first report that presents an order-disorder transition of LiNi 0.5 Mn 0.5 O 2 at elevated temperatures, on the basis of the experimental results.
Introduction
It is crucial to develop positive electrodes with large capacity for Li-ion batteries as a power source, specifically, for electrical vehicles. Li 2 MnO 3 -based positive electrodes such as Li Co 1/3 -Ni 1/3 Mn 1/3 O 2 have been extensively investigated.
14 These electrodes have a combined superior character of large capacity, ca. 200 mAh g ¹1 and good thermal stability, compared to the conventional layered positive electrodes. LiNi 0.5 Mn 0.5 O 2 as a positive electrode so far has been examined by many groups. 57 Cell performance of this material using Li exhibited good cycleability, and a reversible capacity of 150 mAh g ¹1 within the voltage range of 3.0 to 4.3 V, which corresponds to one-half of the theoretical capacity of 289 mAh g , respectively. 6 We have reported the charging mechanism of Li 1¹x Ni 0.5 Mn 0.5 O 2 that a charging reaction proceeds with an oxidation of Ni 2+ to Ni 3+ , but not to Ni 4+ while maintaining oxidation state of Mn 4+ up to x = 0.5. 8, 9 However, this material showed a rechargeable capacity corresponding to x = 0.7 in the voltage range of 2.5 to 4.3 V. O K-edge absorption spectra for Li 1¹x Ni 0.5 Mn 0.5 O 2 showed a slight shift towards lower energy for beyond the composition of x = 0.5. The first principle calculations indicated a remarkable difference between x = 0 and x = 0.5 in a valence band state distribution of oxygen respectively. Consequently, they suggested a possibility of oxidation of O
2¹
. On the basis of these results during charging process, we have speculated that O ions are responsible for charge compensation during the charge-discharge as in Li 1¹y [Li 0.15 Ni 0.275¹x Mg xMn 0.575 ]O 2 (x = 0 and 0.04). 10 On the other hand, we have also determined the crystal structure of LiNi 0.5 Mn 0.5 O 2 by use of the neutron and synchrotron radiation-X-ray diffraction measurements and found the lattice parameters in the hexagonal setting are a = 2.89109 ¡ and c = 14.297 ¡.
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The crystal structure is identical to that of LiCoO 2 with ¡-NaFeO 2 type. The ion distribution could be expressed as [ 14 Ceder et al. have investigated the order-disorder transition of Li/Ni and phase transitions with temperature by using calculation. 15 They simulate that there are three phases in a wide range of temperatures. At low temperatures a structure is stabilized with Li/Ni ordering. With increasing temperature other phase will appear followed by disordering of Li and Ni.
Recently, a tremendous potential of Ni-substituted Li 2 MnO 3 as positive electrodes has been reported by Ozuku et al. 16 A large amount of Li can be removed reversibly as one of advantage for using these materials. Therefore, the fully understanding of LiNi 0.5 Mn 0.5 O 2 electrode which is free from Co will be essential to develop positive electrodes with large capacity.
In the present paper, an order-disordering behavior in LiNi 0.5 Mn 0.5 O 2 will be discussed by the ion-exchange preparation and in-situ high temperature XRD measurement. The ionexchange reaction would produce materials with unique structure depending on the reaction temperatures, and the reaction products are unable to be obtained thermodynamically. On the other hand, the information on the high-temperature structures will serve to elucidate a phase transition directly caused by thermal energy.
Accordingly, we conducted following ways: (1) to prepare the samples with various occupancy of Li/Ni at the Li site by the ionexchange; (2) to observe a change in the occupancy with temperature; and (3) to examine the influence of the order-disordering on the electrochemical properties of LiNi 0.5 Mn 0.5 O 2 .
Experimental
The samples were prepared by co-precipitation method described in Ref. 9 3 were mixed and then calcinated at 873 K for 12 h. The obtained powders were pressed into disks under a pressure of 0.490 MPa and sintered at 1173 K for 24 h in air. Finally, the precursor was allowed to react at 423, 553, 623, 723 K for from 10 min to 40 h by 0.5 M LiCl in 1-hexanol (the boiling point is 430 K) and the molten salt containing LiNO 3 and LiCl (eutectic point is 517 K). X-ray diffraction (XRD) measurements using a synchrotron radiation source were performed at a wavelength of K = 0.5 ¡ on BL02B2 at SPring-8. High-temperature XRD patterns were collected at the above same facility and the temperature of the sample was controlled by emitting N 2 gas at a range of the temperature from 100 to 900 K. At each temperature the sample was hold for 10 min before X-ray irrdadiation. The measurement used a large Debye-Scherrer camera with a radius of 286.5 mm and an imaging plate (IP) on the 2ª-ª arm as a detector. Structural refinements were performed by Rietveld analysis using the RIETAN-2000 computer program. 17 Electrochemical measurements were carried out galvanostatically at room temperature using cointype cells at a rate of 0.10 1.0 mA cm ¹2 and with 0.100 g cm
¹2
. The positive material included the sample, acetylene black, and polyvinylidene fluoride (PVdF) in 86:4:10 wt% ratio. Li metal was used as a negative electrode and the electrolyte was 1 M LiClO 4 in propylene carbonate (PC):1,2-dimethoxycarbonate (DMC) in a 1:1 volume ratio.
Results and Discussion

Preparation by ion-exchange reaction
The investigated ion-exchange reaction temperatures were 423, 553, 643, 723 K and reaction time was from 10 min to 40 h. The reaction at 423 K was carried out by using 0.5 M LiCl dissolved in 1-hexanol and that at other temperatures by the molten salt containing LiNO 3 and LiCl. After the ion-exchange reaction, a and c for hexagonal lattice parameters were decreased remarkably according to the ionic radius of smaller Li + than that of Na + and their changes were saturated with a reaction time and temperature. From the dependency of the time and temperature on the lattice parameters the completion of the reaction was recognized. At lower temperatures it took a longer time to obtain comparable lattice parameters with those prepared by co-precipitation. As the reaction at 423 K was time-consuming to complete the ion-exchange, the reaction time of 40 h was examined. On the other hand, those at other temperatures were for 10 h. As a result, this ion-exchange reaction was recognized to follow the chemical kinetics. In the following, each sample prepared by ion-exchange at 423 K for 40 h and 553, 643, 723 K for 10 h was abbreviated as IE423, IE553, IE643, IE723, respectively. Figure 1 shows XRD patterns for a representative LiNi 0.5 Mn 0.5 O 2 prepared by ion-exchange reaction at 553 K for 10 h and by co-precipitation for comparison as well. The morphology of a representative ion-exchanged sample, IE553 composed of a plate type particle as shown in the insert and those of other samples showed no significant changes, whereas that by coprecipitation of a spherical one. All the peaks could be indexed with the A-NaFeO 2 type structure, R 3m in the hexagonal setting. It is clearly shown that the relative intensity of (003)/(104) ratio decreases significantly and broad background peaks disappear by the ion-exchange reaction. This indicates a change in the ion distribution of LiNi 0.5 Mn 0.5 O 2 , followed by an order-disorder transition of Li and Ni in the structure. The analogous result has been already reported by Ceder et al. 18 However, in the present study the effects of the condition for the ion-exchange reaction on the ion distribution were investigated in details by Rietveld method. The Rietveld analysis indicated that the occupancy of Ni at the Li site, g Ni(3b) in LiNi 0.5 Mn 0.5 O 2 prepared by ion-exchange was much less than that of sample prepared by co-precipitation. It increased linearly both with elevating the reaction temperature and elongating the time, whereas no significant changes in lattice parameters were observed except initial several hours. Chemical analysis by ICP for the samples ion-exchanged for 10 h showed no any residue of Na was contained. All the following results were obtained from the samples by ion-exchange at 423 K for 40 h and other temperatures for 10 h. Interestingly, the ion distribution by ion-exchange had an effect on the formation of super lattice structure correlated with an ordering of Li and Mn in parent Li 2 MnO 3 structure. 19 3.2 A phase transition with temperature Figure 2 shows a representative high-temperature XRD patterns using synchrotron radiation measured at from 100 to 900 K for LiNi 0.5 Mn 0.5 O 2 prepared by ion-exchange at 553 K for 10 h. A monotonous change in the XRD patterns was observed along with thermal expansion, without any changes corresponding to a structural phase transition. Then, we analyzed the obtained XRD patterns in details by Rietveld method, specifically focusing on the occupies only the 3a site, whereas Li + and Ni 2+ both 3b and 3a sites in the space group R 3m. A representative Rietveld refinement using XRD pattern measured at 300 K for LiNi 0.5 Mn 0.5 O 2 prepared by ion-exchange at 643 K for 10 h is shown in Fig. 3 . Refinement proceeded to yield agreement factors R wp = 4.34%, R p = 3.18%, and R I = 3.32%, with expected agreement R e = 2.32%. The refined lattice parameters for trigonal in hexagonal setting were a = 2.88763(54) ¡ and c =14.2952(19) ¡. The overall isotropic atomic displacement parameter resulted in B eq = 0.320(6) ¡ Fig. 4 . The occupancy of Ni for the samples prepared by ion-exchange was held constant at about 2, 4% for prepared at 553, 643 K for 10 h up to around 700 K, respectively. Then, they abruptly increased to about 8%, whereas that of the samples prepared by co-precipitation was unchanged at 8% over the investigated temperatures. These results suggest that LiNi 0.5 Mn 0.5 O 2 can adopt several structures with a certain extent of disorder of Li and Ni. Hinuma et al. have reported a comparable result by Monte Carlo simulation with our experimental results. They have suggested that there are three phases whose transition temperatures are at approximately 550 and 620°C. 15 Below the former temperature, a structure with almost no Li/Ni disorder in the Li layer is energetically stable. This low-temperature phase corresponds to our observed phases for the samples prepared by ion-exchange at 553 K and 643 K in the temperature up to around 700 K. On the other hand, they have described between 550 and 620°C there is a partially disordered, so-called flower structure with about 811% Li/Ni disorder. Therefore, this flower structure corresponds to our observed structure for the sample prepared by co-precipitation. Above 620°C they have explained that a structure with more disorder is stable, but keeping a structure with a √3 © √3 honeycomb model. This phase corresponds to our observed phases at 900 K. Although there is a significant difference between simulated and observed absolute temperatures, it was confirmed experimentally that LiNi 0.5 Mn 0.5 O 2 can adopt the structure with different disordering of Li and Ni. It should be noted that our measured absolute temperature was not reliable. That is, there is some uncertainty in the temperature because it was kept by the N 2 gas flow system, but it was probably within 50 K accuracy.
Electrochemical properties
As described earlier, the occupancy of Ni at the Li site, g Ni(3b) in LiNi 0.5 Mn 0.5 O 2 increased linearly with elevating the reaction temperature. Consequently, the electrochemical properties were also examined for the samples prepared by ion-exchange at lower temperature, 423 K than those investigated for high-temperature XRD measurement. Figure 5 shows the results of the chargedischarge testing using Li metal at various current densities for the samples: (a) prepared by co-precipitation; (b) IE423; and (c) IE553. It can be seen that the rate performance was somewhat improved by the ion-exchange reaction. It seems reasonable to assume that the order-disorder of Li and Ni effects on the electrochemical properties. The existence of Ni at the Li site could give rise to increase the activation energy for Li-ion conduction in the structure. Namely, the crystal structure with small amount of Ni at the Li site is favorable for the ionic conduction.
2022 Figure 6 summarizes a relation between the observed irreversible specific capacity and the occupancy of Ni at the Li site, g Ni(3b) . The each value of g Ni(3b) were obtained in ascending order from IE423, IE553, IE643, IE723, respectively and the highest one was from the sample prepared by co-precipitation. It seems that there is a minimum in this figure. This relation is worth remarking on, although irreversible capacity will be affected generally by many factors such as morphology of the particles. As described earlier, the morphology of all ion-exchanged samples composed of a plate type particle, whereas that by coprecipitation of a spherical one. It is likely that the difference appeared in the charge-discharge performances. However, this relation may also indicate an optimum ion distribution in LiNi 0.5 Mn 0.5 O 2 and the resulting crystal structure probably produce a favor long-range ordering to exhibit a good electrochemical performance. We believe that this provides important information regarding the electrochemical properties of LiNi 0.5 Mn 0.5 O 2 . It is known that the electrochemical activity of Li in the transition metal layer is less than those of Li in the Li layer and the Li in the transition metal layer is unable to be removed reversibly. 23, 24 The capacity corresponding to this Li will lose after the first charging. Therefore, the samples prepared by ion-exchange with less Li in the transition metal layer exhibited a superior electrochemical performance than those by co-precipitation. These results suggest clearly a close relation between the crystal structure and electrochemical performance. Based on these results, the understanding of the ion distribution is of great importance for obtaining larger capacity.
Furthermore, the capacity retention was examined up to 50 cycles for the samples prepared by co-precipitation and ion-exchange reaction as shown in Fig. 7 . The cycle performance of the samples by ion-exchange reaction was significantly improved except for the results obtained at a rate of C/5. These results agreed with those by Ceder et al. 18 The reason why the samples prepared by ionexchange showed superior electrochemical properties is under consideration. In addition to improved ionic conductivity, we have examined for an influence of a long range ordering in the structure of LiNi 0.5 Mn 0.5 O 2 , by considering the magnetic properties for ionexchanged samples which showed a ferromagnetic behavior.
Conclusions
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